Purpose Combining the mTOR inhibitor ridaforolimus and the anti-IGFR antibody dalotuzumab demonstrated antitumor activity, including partial responses, in estrogen receptor (ER)-positive advanced breast cancer, especially in high proliferation tumors (Ki67 [ 15%). Methods This randomized, multicenter, international, phase II study enrolled postmenopausal women with advanced ER-positive breast cancer previously treated with a nonsteroidal aromatase inhibitor (NCT01234857). Patients were randomized to either oral ridaforolimus 30 mg daily for 5 of 7 days (once daily [qd] 9 5 days/ week) plus intravenous dalotuzumab 10 mg/kg/week or oral exemestane 25 mg/day, and stratified by Ki67 status.
Introduction
Endocrine therapy is the preferred treatment for estrogen receptor (ER)-positive advanced breast cancer in postmenopausal women [1] . However, most patients will eventually develop progressive disease because of the development of resistance [2] . Chemotherapy may be initiated after failure of endocrine approaches [1] , but tolerability is an issue for many patients. New treatments with efficacy against ER-positive tumors, or that restore sensitivity to previously effective hormone therapies, are urgently needed.
Development of endocrine resistance has been linked to aberrant activation of the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway in a variety of cancers, including breast cancer [3, 4] . mTOR is a regulator of multiple signaling pathways, including insulin-like growth factor 1 receptor (IGF1R), and is involved in the control of cellular growth, proliferation, metabolism, and angiogenesis [5, 6] . An mTOR inhibitor has been shown to be effective in patients with ER-positive breast cancer when combined with an aromatase inhibitor [7] .
Ridaforolimus (MK-8669), an analog of rapamycin, is a potent and selective mTOR inhibitor that has demonstrated good tolerability and modest antitumor activity as monotherapy in patients with solid tumors [8] [9] [10] [11] [12] . However, the efficacy of mTOR inhibitors as single agents is limited by feedback upregulation of PI3K/AKT signaling [13] [14] [15] . This effect is mediated by insulin receptor substrate 1 (IRS1), an adaptor protein that propagates IGF1R signaling by facilitating receptor-mediated activation of PI3K. Activation of p70 S6 kinase by mTOR complex 1 (mTORC1) results in inhibitory phosphorylation and degradation of IRS1 and, consequently, reduced activation of PI3K/AKT signaling. Conversely, inhibition of mTORC1 relieves p70 S6 kinase-mediated inhibition of IRS1, thereby promoting PI3K-mediated activation of AKT and downstream survival signaling [15] . Inhibiting IGF1R in conjunction with mTORC1 inhibition should abrogate this feedback activation of IRS1, potentially leading to more effective antitumor activity.
This hypothesis has been evaluated in preclinical studies of combination therapy with mTOR and IGF1R inhibitors [15] , including ridaforolimus [16] in combination with the anti-IGF1R monoclonal antibody dalotuzumab (MK-0646) [17] , which demonstrated additive/synergistic antitumor activity in mouse xenograft experiments and colorectal cancer cell lines [16] . A phase I trial of patients with solid malignancies showed ridaforolimus plus dalotuzumab to be a tolerable combination with antitumor activity in patients with ER-positive breast cancer and identified the recommended dose for phase II trials as ridaforolimus 30 mg/day 9 5 days/week (5 out of every 7 days) plus dalotuzumab 10 mg/kg/week [16] .
The present phase II study was undertaken to determine whether the combination of ridaforolimus and dalotuzumab would improve patient outcomes compared with the steroidal aromatase inhibitor exemestane in postmenopausal patients with ER-positive breast cancer progressing after treatment with a nonsteroidal aromatase inhibitor. It also assessed the combination's effect in the subset of patients with high proliferative, luminal B-like disease, as measured by a high Ki67 labeling index [18] .
Methods

Study design and patients
This was a randomized, multicenter, open-label phase II study originally intended to incorporate a 2-part design to evaluate ridaforolimus plus dalotuzumab compared with exemestane (part A), or compared with ridaforolimus or dalotuzumab monotherapy (part B), in women with ERpositive breast cancer. (ClinicalTrials.gov identifier: NCT01234857; EudraCT Number: 2010-019867-13; Protocol Number PN041). However, part B was not initiated due to excess toxicity and lack of activity improvement observed in part A. The trial was conducted at 50 trial centers ( Patients were stratified by high or low tumor proliferation, based on the Ki67 labeling index. Low proliferation was defined as having a Ki67 labeling index \15%, and high proliferation was defined as having a Ki67 labeling index C15%. The luminal B subpopulation is distinguished from luminal A by a Ki67 labeling index of greater than 13.25%, ER expression, and absence of HER2 overexpression [18, 20, 21] .
Accrual of patients in part A to ridaforolimus 30 mg plus dalotuzumab or exemestane was stopped after the first 62 randomized patients because of a higher-than-expected rate of stomatitis in the combination arm. To investigate lower and potentially more tolerable doses of ridaforolimus, sequentially enrolled single-arm cohorts were treated with ridaforolimus 20 mg and then ridaforolimus 10 mg in combination with dalotuzumab 10 mg/kg/week.
Endpoints and assessments
The primary objective was to assess the safety and tolerability of ridaforolimus and dalotuzumab in the all-patients-as-treated population. The primary efficacy endpoint was progression-free survival (PFS) in the intention-totreat (ITT) population and a subset of patients with high proliferation breast tumors. PFS was defined as the time from randomization to progressive disease or death, whichever occurred first. Bidimensional diagnostic anatomic imaging (using computerized tomography or magnetic resonance imaging scans) was used to measure disease status at baseline and every 8 weeks during treatment and analyzed by independent central review, with local investigator review as supportive analysis. Bone scans were required for patients with skeletal metastases. Tumor responses were measured using enhanced RECIST v1.1 criteria [19] .
Secondary efficacy end points included objective response rate (ORR) and overall survival (OS) in the ITT population. The additional nonrandomized lower dose ridaforolimus combination arms were analyzed using the same study end points as the randomized arms of the trial.
Adverse events (AEs) were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. Serious AEs were defined as any life-threatening AE, or AE resulting in death, persistent or significant disability, hospitalization, new type of cancer, overdose, or other events according to medical judgment. Adverse events known to occur with rapamycin analogs and selected for clinical interest were hyperglycemia, stomatitis, infusion-related reaction, and pneumonitis.
Statistical analysis
Part A was designed to randomly assign approximately 140 patients in a 1:1 ratio to either ridaforolimus 30 mg in combination with dalotuzumab or exemestane monotherapy. Part A was event driven, with a target of 90 PFS events, giving 67% power to detect a hazard ratio (HR) of 0.56 for ridaforolimus 30 mg plus dalotuzumab relative to exemestane, corresponding to an 80% improvement in median PFS (from 4.5 to 8.1 months).
An interim efficacy analysis was initially planned for approximately 4 weeks prior to the projected completion of enrollment for part A. If ridaforolimus plus dalotuzumab combination therapy demonstrated superiority compared with exemestane, either at interim analysis or at the final analysis of part A, enrollment would continue into part B of the trial. Superiority at interim analysis was defined as an HR for PFS of 0.73 based on 45 events, with a 70% confidence interval (CI) \1.
Part B, if opened, would randomly assign approximately 212 patients to ridaforolimus plus dalotuzumab, ridaforolimus monotherapy, or dalotuzumab monotherapy. Part B was to be event driven, with a target of 102 PFS events giving a power of 80% to detect an HR of 0.56, corresponding to an 80% improvement in median PFS.
Efficacy analysis was performed on the ITT population. PFS and OS were estimated using the Kaplan-Meier method with significance determined by the Cox proportional hazards model. The ORR was compared using the Miettinen and Nurminen method. Due to the early termination of the trial, no inferential testing was performed, and P values provided are for descriptive purposes only.
Results
Demographics and disease characteristics
In total, 115 postmenopausal women with locally advanced or metastatic ER-positive breast cancer were enrolled (Table 1) . For part A, 29 patients were initially enrolled into the ridaforolimus 30 mg plus dalotuzumab arm and 33 into the exemestane arm. However, because of higher-thanexpected rates of toxicity, enrollment was stopped. To explore lower and potentially more tolerable doses, subsequent patients were enrolled in a ridaforolimus 10 mg plus dalotuzumab arm (n = 26) and a ridaforolimus 20 mg plus dalotuzumab arm (n = 27). The overall median age was 62 years (range 33-87 years). Baseline characteristics were generally balanced across treatment groups, except that more patients in the exemestane arm (85%) had an ECOG performance status of 0 than patients in the ridaforolimus combination arms (58-67% across doses), and a slightly higher percentage of patients in the ridaforolimus combination arms (70-77% across doses) received prior radiation therapy compared with those in the exemestane arm (55%).
Patient disposition
Overall, the majority of patients discontinued the study because of progressive disease (59%), followed by AEs (20%)-particularly in the ridaforolimus 30 mg plus dalotuzumab arm-withdrawal of consent (10%) and physician decision (10%) ( Table 2) .
Safety
All patients receiving combination therapy experienced C1 AE. The most commonly reported AEs in patients receiving ridaforolimus 30 mg plus dalotuzumab were stomatitis (89.7%), nausea (37.9%), fatigue (34.5%), decreased appetite (34.5%), hyperglycemia (31.0%), and dysgeusia Table 3 ). The type and frequency of AEs were similar in the ridaforolimus 10 mg plus dalotuzumab and ridaforolimus 20 mg plus dalotuzumab combination arms compared with the ridaforolimus 30 mg plus dalotuzumab arm. Although the number of drug-related AEs and serious AEs was comparable across ridaforolimus dose regimens, and the number of patients who discontinued therapy because of an AE or drug-related AE appeared to decline with reduced ridaforolimus dose, the rate of stomatitis remained high (Table 3 ). The most common grade 3 AEs were stomatitis and hyperglycemia and occurred in all the ridaforolimus plus dalotuzumab arms. No patients receiving exemestane experienced stomatitis. Discontinuations due to AEs and drug-related AEs for the ridaforolimus 30-, 20-, and 10-mg plus dalotuzumab combination therapy arms were 34.5 and 31.0%; 22.2 and 14.8%; and 15.4 and 11.5%, respectively. The incidence of drug-related AEs, serious AEs, and discontinuations due to an AE was higher among patients receiving ridaforolimus plus dalotuzumab compared with those receiving exemestane (Table 3) .
Three deaths occurred during the study period: 1 from hepatic failure (unrelated to treatment) of a patient receiving ridaforolimus 20 mg plus dalotuzumab, 1 from malignant neoplasm progression (unrelated to treatment) of a patient receiving exemestane, and 1 from treatment-related meningism and pneumonia of a patient in the ridaforolimus 30 mg plus dalotuzumab combination arm.
Efficacy
Kaplan-Meier analyses of PFS for the ITT population (n = 115) based on independent radiologist review are shown in Fig. 1 . The median PFS was 21.4 weeks in the ridaforolimus 30 mg plus dalotuzumab arm and 24.3 weeks in the exemestane arm (HR 1.00; 95% CI 0.46-2.19; P = 0.5; Fig. 1a) . The median PFS for the ridaforolimus 10 mg plus dalotuzumab and 20 mg plus dalotuzumab combination arm was 23.3 and 25.7 weeks, respectively (Fig. 1b) . Based on local investigator evaluation, median PFS was 16.0 weeks in the ridaforolimus 30 mg plus dalotuzumab combination arm and 15.4 weeks in the exemestane arm (HR 0.99; 95% CI 0.53-1.87; P = 0.492). The median PFS in the ridaforolimus 10-and 20-mg combination arm was 16.1 and 15.9 weeks, respectively.
In total, 72% of patients in the ridaforolimus 30-mg arm (21/29), 78% of those in the ridaforolimus 20-mg arm (21/ 27), and 69% of those in the ridaforolimus 10-mg arm (18/ 26) had high proliferation breast tumors with a Ki67 labeling index C15% (Table 1) . Based on independent radiologist review, the median PFS in these patient populations was 15.9 weeks (95% CI 15.7-31.3 weeks), 22.7 weeks (95% CI 16.0-31.1 weeks), and 23.8 weeks (95% CI 16.0-39.6 weeks), respectively. The median PFS in patients in the exemestane arm with high proliferation breast tumors (82%, 27/33) was 23.6 weeks (95% CI 14.7-40.3 weeks) but was not statistically different from the ridaforolimus 30 mg plus dalotuzumab arm (HR 1.07; 95% CI 0.47-2.47; P = 0.565). Based on local investigator review, the median PFS in this patient population was 16.0 weeks (95% CI 15.1-21.4 weeks), 13.9 weeks (95% CI 8.1-22.3 weeks), and 16.1 weeks (95% CI 15.6-39.7 weeks) for the ridaforolimus 30-, 20-, and 10-mg treatment arms, respectively. The median PFS for patients receiving exemestane was 14.7 weeks (95% CI 8.1-25.0 weeks), but was not statistically different from the ridaforolimus 30-mg arm (HR 0.92; 95% CI 0.46-1.87; P = 0.414). Overall survival was similar between the 2 arms, with a median OS of 24.7 months for patients in the ridaforolimus 30 mg plus dalotuzumab arm and 24.9 months in the exemestane arm (HR 1.28; 95% CI 0.65-2.49; P = 0.763) (Fig. 2) . Table 4 lists the best overall tumor response by both independent central review and local investigator review. There were no complete responses in any group by either independent central or local investigator review. By independent review, there was 1 partial response (PR; 3.4%) in the ridaforolimus 30 mg combination therapy arm and none in the exemestane arm (P = 0.128). There were no PRs in the lower dose ridaforolimus arms by independent review. By local investigator review, there were 2 PRs (ORR 6.9%) in the ridaforolimus 30 mg plus dalotuzumab arm (ORR 3.0%), 1 PR in both the ridaforolimus 20 mg plus dalotuzumab (ORR 3.7%) and the ridaforolimus 10 mg plus dalotuzumab arms (ORR 3.8%), and 1 PR in the exemestane arm (P = 0.207). 
Discussion
This randomized, open-label, phase II study tested the addition of the anti-IGF1R antibody dalotuzumab to the mTOR inhibitor ridaforolimus for the treatment of postmenopausal patients with advanced ER-positive breast cancer.
The results did not demonstrate any meaningful improvement in the PFS, OS, or ORR over exemestane. The primary objective was not met, and the study protocol was amended to investigate lower doses of ridaforolimus because of a high rate of toxicity in the original ridaforolimus 30 mg plus dalotuzumab treatment arm. In patients receiving ridaforolimus 30 mg plus dalotuzumab, the median PFS was similar to that for exemestane monotherapy, based on both independent radiologist review and investigator evaluation. The OS and ORR were also similar between the randomized treatment arms, indicating that the 2 treatments have similar clinical efficacy in ER-positive, HER2-negative advanced breast cancer. The analysis of PFS in patients with high Ki67 labeling index did not show significant benefit for the ridaforolimus plus dalotuzumab combination compared with exemestane monotherapy.
The efficacy findings of the ridaforolimus plus dalotuzumab combination are in contrast to those observed in the phase I trial of the combination, which reported 3 PRs out of 11 patients (27%) with high proliferation ER-positive breast cancer [16] . Similarly, PFS was lower in this study than in the phase I trial (23.8-15 .9 weeks vs [6 months). The PFS reported for both arms of the trial was also somewhat lower than that reported for the everolimus plus exemestane combination (approximately 8 months) in the BOLERO-2 trial, although a little higher than the 3 months reported for exemestane monotherapy in that trial [7, 22] . The most frequently reported drug-related AEs for patients receiving ridaforolimus 30 mg plus dalotuzumab were stomatitis, fatigue, dysgeusia, decreased appetite, nausea, hyperglycemia, and diarrhea, which are all expected AEs of ridaforolimus as an mTOR inhibitor. However, the very high levels of grade 3 stomatitis reported for the ridaforolimus 30 mg plus dalotuzumab treatment arm were unexpected. To investigate lower and potentially more tolerable doses of ridaforolimus, sequentially enrolled single-arm cohorts were treated with either ridaforolimus 20 or 10 mg in combination with dalotuzumab 10 mg/kg/week. The toxicity profile of these lower doses was generally similar to the 30 mg dose. Stomatitis, the most common AE associated with mTOR inhibitors and the primary toxicity concern at the 30 mg qd 9 5 days/week dose, was also evident at lower ridaforolimus doses, though there appeared to be fewer patients with grade 3 stomatitis at the ridaforolimus 10 mg dose. Management strategies for patients undergoing treatment with mTOR inhibitors who develop this condition include patient education to aid early detection and topical management strategies or use of dose adjustments [23] . The incidence of serious AEs was similar across all ridaforolimus doses; however, there appeared to be a dose-related decrease in the number of patients who discontinued Overall, the incidence of drug-related, nonserious, and serious AEs was higher in patients treated with ridaforolimus combination therapy (any dose) than in patients receiving exemestane monotherapy. It is notable, however, that PFS was prolonged among patients with highproliferation breast tumors treated with lower doses of ridaforolimus compared with the higher dose, and this suggests that patients treated with lower doses remained on therapy longer because of less toxicity and could be an indication of activity.
This study was discontinued early because of a higherthan-expected stomatitis rate in the ridaforolimus group. It is important to note the discordance in toxicity reported in the phase I trial compared with the present study that may be due to many factors. Phase I centers are specialized in developing new therapies and may be more familiar with monitoring and managing toxicities. At the time that the study was launched, it is conceivable that many of the participating centers would have had limited experience with mTOR inhibitor therapy. In the case of mTOR inhibitors, it has been shown that patient education, preventive measures, and early treatment with mouthwashes and/or lidocaine preparations help limit stomatitis and decrease dose interruptions [24, 25] . Potentially, the lack of familiarity of these centers with these measures may have resulted in higher toxicity and may partly explain the discrepancy in tolerability between phase I and phase II. Also, the lack of concordance of activity observed between the phase I study and the current study could be the result of patient selection bias or limited exposure to the experimental therapy.
Although the study was prematurely discontinued and the efficacy results considered inconclusive, the partial responses observed in this study suggest that the combination of ridaforolimus plus dalotuzumab does have antitumor activity in ER-positive breast cancer that has progressed after endocrine therapy, and this provides a rationale for further investigation in combination with endocrine therapy.
Another trial compared the combination of ridaforolimus 30 mg and exemestane 25 mg daily with ridaforolimus 10 mg/day, dalotuzumab 10 mg/kg/week, and exemestane 25 mg/day in 80 postmenopausal patients with highproliferation, ER-positive breast cancer (NCT01605396). However, the study did not demonstrate superiority of the triple-combination arm compared with the ridaforolimus plus exemestane arm [26] . Based on this finding, further development of ridaforolimus and dalotuzumab with or without an aromatase inhibitor is not being pursued.
In summary, the present trial did not demonstrate its primary hypothesis that combination of ridaforolimus plus dalotuzumab would improve PFS over exemestane monotherapy in patients with ER-positive advanced breast cancer who have already developed progressive disease on previous endocrine therapy. The combination had similar efficacy to exemestane, although the recommended phase II dose, based on a phase I trial in patients with solid tumors, proved to be too toxic. Lowering the dose of ridaforolimus resulted in a modest reduction in the incidence of severe stomatitis, although the overall incidence of AEs remained high. Other combinations of mTOR/IGFR inhibitors are associated with similar tolerability issues [27, 28] ; however, the antitumor activity suggested in this study indicates that this might be a sound strategy if tolerability concerns can be addressed.
